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HIGHLIGHTS 


►  A  series  of  cross-linked  hybrid  membranes  were  prepared  by  a  combination  of  silane-crosslinking  and  thiol-ene  click  chemistry. 

►  The  cross-linked  structure  makes  a  great  contribution  to  the  improvement  of  dimensional  and  chemical  stabilities. 

►  The  cross-linked  hybrid  membranes  showed  lower  swelling,  lower  methanol  permeability  and  high  selectivity  for  direct  methanol  fuel  cells. 
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A  series  of  cross-linked  hybrid  membranes  with  low  water  uptake,  high  dimensional  stabilities,  as  well  as 
high  oxidative  stabilities  are  prepared  by  a  combination  of  silane-crosslinking  and  thiol-ene  click 
chemistry  based  on  a  sulfonated  poly  (arylene  ether  ketone)  (SPAEK)  with  propenyl  groups.  !H  NMR 
measurement  and  Fourier  transform  infrared  spectroscopy  are  used  to  characterize  and  confirm  the 
chemical  structure  of  SPAEK  and  its  cross-linked  hybrid  polymer  exchange  membranes.  We  also  inves¬ 
tigate  the  changes  in  methanol  permeability,  proton  conductivity  and  mechanical  properties.  Our  find¬ 
ings  demonstrate  that  the  Si-O-Si  cross-linked  structure  makes  a  great  contribution  to  the 
improvement  of  dimensional  and  chemical  stabilities.  Therefore,  these  cross-linked  hybrid  membranes 
could  be  considered  as  promising  materials  for  direct  methanol  fuel  cell  applications. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Researches  on  direct  methanol  fuel  cells  (DMFCs)  are  very 
attractive  due  to  their  unique  properties,  such  as  high  efficiency, 
low  power-source  emissions,  as  well  as  the  simplicity  of  system 
[1].  Proton  exchange  membranes  (PEM)  are  the  key  components 
of  DMFC  systems.  Currently,  the  widely  used  PEMs  are  per- 
fluorosulfonic  acid  membranes,  such  as  DuPont’s  Nafion.  However, 
several  drawbacks  including  expensive  cost,  high  methanol 
permeability  and  poor  properties  at  higher  temperatures  (>80  °C) 
[2,3]  have  limited  their  applicability.  Therefore,  considerable  efforts 
have  been  made  to  search  for  alternative  cost-effective  PEMs. 

Recently,  several  fluorine-free  ionomer  membranes  such  as 
sulfonated  polysulfones  [4,5],  sulfonated  polyimides  [6,7],  and 
sulfonated  poly(arylene  ether  ketone)s  (SPAEKs)  [8-15]  are 
attracting  a  great  deal  of  attention.  These  materials  possess 
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remarkable  properties,  such  as  good  mechanical  properties, 
excellent  thermal  stability,  and  high  proton  conductivity  that 
can  be  controlled  by  the  degree  of  sulfonation  [16-19].  However, 
high  methanol  permeability  and  water  swelling  would  be 
induced  due  to  the  increasing  number  of  sulfonic  acid  groups. 
Organic-inorganic  hybrid  method  can  be  considered  as  a  way  to 
improve  the  dimensional  stabilities  and  the  methanol  resistance 
of  membranes  [20,21].  Chen  et  al.  incorporated  a  hydrophilic 
polymer  to  prepare  covalently  cross-linked  polysiloxanes  through 
organic-inorganic  hybrid  method  with  aim  to  modify  Nafion 
membranes  [22].  It  was  found  that  the  methanol  permeability  was 
decreased  greatly.  However,  because  of  lacking  covalent  bonds 
between  the  inorganic  and  organic  interfaces,  it  was  also  observed 
that  some  hydrophilic  inorganic  particles  were  easily  leached  out 
after  long  immersion  in  water  [23].  Crosslinking  of  polymer 
membrane  can  be  considered  as  another  effective  way  to  alleviate 
swelling  and  methanol  permeability.  Thermal  and  mechanical 
stabilities  of  the  membranes  can  also  be  improved.  Zhong  et  al.  and 
Heo  et  al.  have  reported  photochemically  cross-linkable  aromatic 
membranes  containing  a  double  bond  in  the  side  chain  or  the  main 
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Scheme  1.  Scheme  for  illustrating  the  preparation  of  cross-linked  hybrid  membranes  using  silane-crosslinking  and  thiol-ene  click  chemistry. 


chain  of  polymers  [24,25].  Chikashige  et  al.  prepared  a  tri¬ 
functional  monomer  for  branching  or  crosslinking  of  the  polymer 
main  chain  [26].  Both  the  ionic  and  covalently  cross-linked 
membranes,  accompanied  with  detailed  comparison,  were  intro¬ 
duced  by  Kerres  [27,28].  However,  during  the  crosslinking  reaction, 
the  ion  exchange  capacity  (IEC)  decreased  greatly  due  to  the 
elimination  of  sulfonic  acid  groups,  which  brought  the  reduction  of 
the  proton  conductivity.  Thus,  it  is  necessary  to  find  or  design 
a  novel  polymer  backbone  with  other  functional  groups  that  can  be 
cross-linked  with  a  cross-linker  without  a  dilution  of  sulfonic  acid 
groups. 

Side-chain-type  propenyl  based  sulfonated  poly(arylene  ether 
ketone)s,  combined  with  a  suitable  cross-linker,  can  be  considered 
as  promising  materials  to  improve  the  properties  of  membranes. 
Propenyl,  containing  a  double  bond,  is  an  excellent  crosslinking 
agent,  because  it  can  initiate  a  radical  reaction  by  heating  or  UV 
irradiation.  It  could  be  involved  in  thermally  and  photochemically 
initiated  thiol-ene  click  reactions  using  thiol  and  allyl  functional¬ 
ized  polymers.  The  thiol-ene  click  reaction  has  received  a  growing 
interest  over  the  last  years,  which  is  mainly  attributable  to  the 
recognition  of  its  click  characteristics  [29,30]. 

In  this  paper,  we  chose  3-mercaptopropyltrimethoxysilane 
containing  -SH  groups  (Trademark:  KH590)  as  a  cross-linker  for 


propenyl-containing  SPAEK  membranes.  As  shown  in  Scheme  1,  we 
grafted  the  special  silane  monomer,  KH590,  onto  the  SPAEK  back¬ 
bone  by  the  thiol-ene  click  reaction.  The  silane-crosslinking  was 
then  induced  by  a  hydrolysis-condensation.  The  hydrophilic  SPAEK 
could  be  blocked  in  the  Si-O-Si  network,  making  a  contribution  to 
the  decrease  of  swelling  and  methanol  permeability.  The  advantage 
of  this  system  is  that  the  sulfonic  acid  groups  of  SPAEK  are  not 
involved  in  the  crosslinking  reaction.  Moreover,  other  properties  of 
the  cross-linked  hybrid  membranes,  such  as  water  uptake,  oxida¬ 
tive  stability  and  mechanical  properties  were  also  investigated  as 
compared  with  the  pristine  SPAEK  membrane. 

2.  Experimental 

2.2.  Materials  and  reagent 

Diallyl  bisphenol  A  was  purchased  from  the  East  China  Univer¬ 
sity  of  Science  and  Technology.  Sodium  5,5/-carbonyl-bis(2- 
fluobenzenesulfonate)  (SDFBP)  was  synthesized  according  to 
a  procedure  described  in  our  previous  work  [31].  All  the  other 
solvents  and  reagent  were  purchased  from  Tianjin  Tiantai  chemical 
company.  They  were  obtained  commercially  and  used  without 
further  purification. 
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2.2.  Synthesis  ofSPAEK  containing  propenyl  groups 

Sulfonated  poly(arylene  ether  ketone)  containing  propenyl 
groups  was  synthesized  according  our  previous  work  [32].  The 
detailed  procedure  is  described  as  follows.  Diallyl  bisphenol  A 
(9.24  g,  0.03  mol),  K2CO3  (4.554  g,  0.033  mol),  bis(4-fluorobenaoyl) 
benzene  (3.864  g,  0.012  mol),  SDFB(7.596  g,  0.036  mol)  were  added 
to  a  three  neck  bottom  flask  equipped  with  a  mechanical  stirrer, 
a  nitrogen  inlet  and  a  Dean-Stark  trap.  Sulfolane/toluene  (34  ml/ 
20  ml)  solvent  system  was  used  in  this  reaction.  The  reaction  bath 
was  heated  to  140  °C  and  kept  at  this  temperature  for  3  h  to  remove 
water.  Then  the  temperature  was  raised  to  180  °C  for  7  h.  The 
product  was  washed  with  boiling  deionized  water  for  several  times. 
Then  it  was  dried  in  a  vacuum  oven  at  80  °C  for  48  h  to  obtain 
a  constant  weight. 

!H  NMR  (500  MHz,  DMSO-d6,  d,  ppm):  1.55-1.8  (-CH3  of  pro- 
penyl  groups  and  -CH3  of  bisphenol  A),  6.33  (HC=C  of  propenyl 
groups  ortho  to  methyl),  6.66  (HC=C  of  propenyl  groups  ortho  to 
aromatic  group),  8.2  (ArH  ortho  to  -SC^Na  groups),  6.8-7.8  (other 
ArH).  IR  (KBr,  thin  film,  cm-1):  1650  (carbonyl  groups),  1079  and 
1027  (— S03Na),  965  (propenyl  groups). 

2.3.  Preparation  of  the  hybrid  membranes 

The  hybrid  membranes  were  prepared  according  to  the  following 
procedure.  SPAEK  was  dissolved  in  10  mL  dimethylformamide 
(DMF)  at  room  temperature  to  obtain  a  10  wt.%  homogeneous 
solution.  Certain  weights  of  KH590  and  benzoyl  peroxide  were 
added  to  the  SPAEK  solution.  The  resulting  solution  was  stirred  for 
0.5  h.  The  mixtures  were  then  cast  onto  glass  dishes  and  thermally 
treated  at  100  °C  for  2  h  and  at  120  °C  for  6  h  to  lead  the  -SH  groups 
of  KH590  to  react  with  propenyl  groups  of  SPAEK.  Dried  membranes 
were  peeled  off  from  the  substrate  and  immersed  in  a  1  M  HC1 
solution  at  80  °C  for  24  h  to  complete  the  hydrolysis-condensation 
and  cross-link  reaction  for  the  hybrid  membranes.  The  SPAEK/ 
KH590  hybrid  membranes  were  noted  as  SPAEK/KH590-x%  (x% 
refers  to  weight  percent  of  KH590  in  the  cross-linked  membranes). 
All  membranes  were  then  sufficiently  soaked  in  distilled  and 
deionized  water  at  room  temperature  for  24  h  before  use. 

2.4.  Characterization 

2.4.1.  Structural  characterization 

FT-IR  spectra  of  powder  samples  and  thin  films  were  recorded 
on  a  Bruker  Vector  22  spectrometer  from  4000  to  400  cm-1. 
NMR  spectra  (in  DMSO-de)  were  obtained  on  a  500  MHz  Bruker 
Avance  510  spectrometer. 

2.4.2.  Thermogravimetric  analysis  (TGA ) 

Thermo-gravimetric  analysis  was  recorded  on  a  Perkin  Elmer 

thermal  analysis  system  at  a  heating  rate  of  10  °Cmin-1  under  N2 
atmosphere.  Before  testing,  all  the  membranes  were  preheated  to 
120  °C  and  kept  at  this  temperature  for  20  min  to  remove  any 
residual  moisture  and  solvent. 

2.4.3.  Ion  exchange  capacity  and  water  uptake 

IEC  was  determined  by  titration  method.  Membrane  samples  in 
acid  form  were  immersed  in  1  M  NaCl  solution  for  48  h  to  liberate 
the  H+  ions  (the  H+  ions  in  the  membrane  were  replaced  by  Na+ 
ions).  Then  the  H+  ions  were  titrated  with  0.01  M  NaOH  solution 
using  phenolphthalein  as  an  indicator. 

2.4.4.  Water  uptake  and  swelling  ratio 

The  water  uptake  of  the  membranes  was  calculated  by 
measuring  the  weight  difference  between  the  dry  and  wet 


membranes.  The  membranes  were  vacuum-dried  and  then  soaked 
in  water  for  24  h  at  different  temperatures.  Then  they  were  wiped 
with  blotting  paper  and  immediately  weighed  on  an  analytical 
balance  after  wiping  out  the  surface  water.  The  water  uptake  was 
calculated  by  the  following  equation: 

l^A/vet  W/-irv 

water  uptake  (WU)(%)  =  ... - ^  x  100%  (1) 

Wdvy 

where  Wdry  and  Wwet  are  the  weight  of  dry  and  corresponding 
water-swollen  membranes,  respectively. 

The  swelling  ratio  was  calculated  by  the  following  equation: 

swelling  ratio%  =  ^wet — x  100%  (2) 

'dry 

where  Tdry  and  Twet  are  the  thickness  of  dry  and  corresponding 
water-swollen  membranes,  respectively. 

The  number  of  water  molecules  per  sulfonic  acid  group  (A)  is 
determined  by  water  uptake  and  IEC  according  to  the  following 
equation: 

A  =  n(H20)/n(sC>3  )  =  WU/(18  x  IEC)  (3) 

where  18  is  the  molecular  weight  of  water. 

The  swelling  degree  in  methanol  solution  of  the  membrane  was 
determined  by  immersing  the  dried  membranes  into  10  M  meth¬ 
anol  solution  for  1  day  at  different  temperatures.  The  swelling 
degree  was  calculated  by  the  change  in  weight  between  dry  and 
wet  samples. 

2.4.5.  Proton  conductivity  and  methanol  permeability 

The  in-plain  proton  conductivity  (<j)  was  determined  by  a  four- 
electrode  ac  impedance  method  from  0.1  Hz  to  100  kHz,  10  mV  ac 
perturbation  and  0.0  V  dc  rest  voltage  using  a  Princeton  Applied 
Research  Model  2273  potentiostat/galvanostat/FRA.  The  cell  was 
immersed  into  water  at  25,  40,  60  and  80  °C  during  the  measure¬ 
ment.  The  proton  conductivity  was  calculated  by  the  following 
equation: 

a  =  L/RA  (4) 

where  a  is  proton  conductivity  in  S  cm-1,  L  is  the  distance  between 
the  two  electrodes  (1  cm),  R  is  resistance  of  the  membrane  and  A  is 
the  cross-sectional  area  of  membrane  (the  product  of  width  and 
thickness  of  the  membrane,  in  cm2) . 

Methanol  permeability  was  measured  using  a  diffusion  cell  at 
ambient  temperature.  The  cell  consisted  of  two  reservoirs  sepa¬ 
rated  by  the  membrane.  Methanol  (1.0  M)  was  placed  on  one  side 
(A  cell)  and  distilled  water  was  placed  on  the  other  side  of  the 
diffusion  cell  (B  cell).  The  magnetic  stirrers  were  used  on  each 
compartment  to  ensure  uniformity.  The  concentration  of  the 
methanol  in  water  reservoir  was  monitored  by  SHIMADZU  GC-8A 
chromatograph.  The  methanol  permeability  was  calculated  by  the 
following  equation: 

cB(t)  =  4¥CA(f  “ to)  (5) 

where  A  (cm2)  and  L  (cm)  are  the  effective  area  and  the  thickness  of 
the  membrane,  respectively,  Vb  (cm3)  is  the  volume  of  diffusion 
reservoir,  Ca  and  Cb  (molL-1)  are  the  methanol  concentration  in 
methanol  reservoir  and  water  reservoir,  respectively,  DK  is  the 
methanol  permeability  (cm2  s-1). 
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Fig.  1.  lH  NMR  spectrum  of  propenyl-containing  SPAEK. 
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Fig.  2.  FT-IR  spectra  of  (a)  SPAEK,  (b)  SPAEK/KH590-5,  (c)  SPAEK/KH590-10,  (d)  SPAEK/ 
KH590-15,  and  (e)  SPAEK/KH590-20. 

2.4.6.  Mechanical  properties 

The  mechanical  properties  of  the  membranes  were  investigated 
by  “stress-strain”  tests  using  SHIMADZU  AG-1 1 KN  at  the  test  speed 
of  2  mm  min-1.  The  size  of  the  films  was  1  mm  x  4  mm.  Each 
sample  was  used  at  least  3  times  and  their  average  value  was 
calculated. 

2.4.7.  The  oxidative  stabilities 

The  oxidative  stabilities  of  the  membranes  were  tested  by 
immersing  the  films  into  Fenton  reagent  (3%  H2O2  containing 
2  ppm  FeS04)  at  80  °C.  The  stability  was  evaluated  by  recording  the 
time  when  membranes  break  into  pieces. 


Temperature  °C 


Fig.  3.  TGA  of  SPAEK  and  SPAEK/KH590-x%  membranes  in  N2. 

3.  Results  and  discussion 

3.1.  Structure  characterization 

The  molecular  structure  of  SPAEK  was  confirmed  by  its  NMR 
spectrum  (dimethyl  sulfoxide-d6  (DMSO-de),  d,  ppm).  The  ortho 
proton  peak  (1)  to  the  sulfonate  group  on  the  aromatic  ring 
appeared  at  the  most  downfield,  which  was  due  to  the  electron- 
withdrawing  of  -SC^Na  groups.  The  peaks  from  6.3  to  6.7  ppm 
confirmed  the  existence  of  the  propenyl  groups  (Fig.  1).  The 
NMR  spectrum  showed  that  the  SPAEK  containing  propenyl  groups 
was  successfully  synthesized. 

The  typical  FT-IR  spectra  of  SPAEK  and  SPAEK/KH590-x% 
membranes  are  shown  in  Fig.  2.  The  observed  bands  at 
1081  cm-1and  1018  cm-1  were  assigned  to  the  asymmetric  and 
symmetric  0=S=0  stretching  vibrations  of  sulfonic  acid  groups. 
The  preservation  of  sulfonic  acid  groups  in  the  cross-linked  hybrid 
membranes  can  be  confirmed  by  the  presence  of  the  characteristic 
bands  of  sulfonic  acid  groups  in  their  spectra.  After  the  heating  and 
hydrolysis-condensation,  Si-O-Si  peaks  appeared  at  1113  cm-1 
for  the  SPAEK/KH590-x%  membranes,  which  demonstrated  the 
formation  of  Si-O-Si  cross-linked  structure  in  the  hybrid 
membranes. 

After  hybridisation  with  KH590,  the  SPAEK/KH590-x% 
membranes  cannot  be  dissolved  in  several  organic  solvents  at  60  °C 
(Table  1),  indicating  the  successful  incorporation  of  cross-linked 
network  structure  into  SPEAK  membranes. 

3.2.  Thermal  stability 

The  thermal  stabilities  of  the  SPAEK  and  SPAEK-KH590-x% 
membranes  were  investigated  by  thermo-gravimetric  analysis. 
Fig.  3  shows  the  TGA  curves  of  the  representative  membranes.  We 
can  see  that  all  the  membranes  in  acid  form  exhibit  two  step 


Table  1 

Solubility  of  SPAEK/KH590-x%  membranes  in  various  common  organic  solvents. 


Sample 

Water 

DMAc 

DMF 

NMP 

DMSO 

Methanol 

Chloroform 

25  °C 

60  °C 

25  °C 

60  °C 

25  °C 

u 

0 

0 

X) 

25  °C 

60  °C 

25  °C 

CD 

O 

O 

n 

25  °C 

CD 

O 

O 

n 

25  °C 

CD 

O 

O 

n 

SPAEK 

I 

I 

Sw 

S 

Sw 

S 

Sw 

S 

Sw 

S 

I 

I 

I 

I 

SPAEK/KH590-5 

I 

I 

I 

I 

Sw 

Sw 

Sw 

Sw 

Sw 

Sw 

I 

I 

I 

I 

SPAEK/KH590-1 0 

I 

I 

I 

I 

Sw 

Sw 

Sw 

Sw 

Sw 

Sw 

I 

I 

I 

I 

SPAEK/KH590-1 5 

I 

I 

I 

I 

Sw 

Sw 

Sw 

Sw 

Sw 

Sw 

I 

I 

I 

I 

SPAEK/KH590-20 

I 

I 

I 

I 

Sw 

Sw 

Sw 

Sw 

Sw 

Sw 

I 

I 

I 

I 

S:  soluble;  I:  insoluble;  and  Sw:  slightly  swollen. 
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Table  2 

The  swelling  properties  in  water  and  methanol  solution  of  membranes. 
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Sample 

IEC(mequivg 

Swelling  ratio  (%) 

Water  uptake  (%) 

Methanol  solution  uptake  (%) 

A 

25  °C 

80  °C 

25  °C 

80  °C 

25  °C 

80  °C 

25  °C 

80  °C 

SPAEK 

2.04 

7.40 

11.11 

28.84 

44.18 

33.42 

52.99 

7.85 

12.03 

SPAEK/KH590-5 

1.93 

7.35 

10.45 

28.04 

43.01 

32.59 

48.32 

8.07 

12.3 

SPAEK/KH590-10 

1.52 

6.70 

10.17 

27.59 

35.10 

28.45 

46.80 

10.1 

12.8 

SPAEK/KH590-15 

1.34 

5.80 

8.14 

24.37 

33.91 

27.29 

43.61 

10 

14.1 

SPAEK/KH590-20 

1.31 

3.17 

4.76 

21.51 

31.38 

26.09 

40.35 

9.1 

13.3 

Nation  117 

0.92 

11.0 

17.2 

18.3 

27.9 

— 

— 

11.1 

16.8 

degradation  patterns.  The  first  degradation  step  occurring  between 
280  and  350  °C  was  attributed  to  the  splitting-off  of  sulfonic  acid 
groups  or  flexible  chains  of  KH590.  The  second  weight  loss  step 
started  at  460  °C  was  assigned  to  the  decomposition  of  main 
polymer  chain.  The  residual  temperatures  of  hybrid  membranes 
were  much  higher  than  SPAEK  membrane.  The  5%  weight  loss 
temperature  and  10%  weight  loss  temperature  of  all  the 
membranes  were  higher  than  280  °C,  which  indicated  that  all  of  the 
membranes  had  excellent  thermal  stabilities. 

3.3.  IEC,  water  uptake  and  swelling  ratio 

The  ion  exchange  capacity  indicates  the  number  of  protons  per 
ionomer  unit  mass  that  can  be  replaced  by  other  cations,  which  is 
responsible  for  their  water  uptake  and  proton  conductivity.  The 
water  uptake  of  PEM  is  another  factor  that  decides  proton 
conductivity  and  mechanical  properties  of  the  membranes  [33]. 
However,  high  water  uptake  always  accompanied  by  dimensional 
change  or  even  soluble  of  membranes.  As  shown  in  Table  2,  IEC  of 
SPAEK  membrane  is  higher  than  those  of  SPAEK/KH590-x% 
membranes.  The  IEC  values  of  these  membranes  decreased  from 
2.04  mequivg-1  to  1.31  mequivg-1,  when  the  ratio  of  KH590  was 
increasing.  The  phenomenon  was  due  to  the  dilution  effect  caused 
by  adding  KH590  that  did  not  have  sulfonic  acid  groups. 

Fig.  4  presents  the  water  uptake  of  the  hybrid  membranes  at 
different  temperatures. 

According  to  the  result  of  water  uptake,  it  can  be  observed  that 
the  water  uptake  shows  a  decreasing  tendency  with  the  increasing 
weight  fraction  of  KH590.  For  example,  the  water  uptake  of  SPAEK/ 


KH590-20  decreased  to  21.51%  at  25  °C  and  31.38%  at  80  °C,  as 
compared  to  the  pristine  SPAEK  membrane  (44.18%  at  80  °C).  The 
lambda  value  of  the  SPAEK/KH590  hybrid  membranes  depends  on 
the  temperature  at  which  water  uptake  is  measured.  The  SPAEK 
membranes  with  various  KH590  contents  have  similar  lambda 
values  in  the  range  8-10  at  25  °C  and  in  the  range  12-14  at  80  °C. 
This  result  indicates  that  the  main  factor  affecting  the  decrease  in 
the  percentage  of  water  uptake  is  the  decrease  in  the  IEC  values. 
Similarly,  the  swelling  ratio  of  the  hybrid  membranes  was  also 
suppressed  by  the  cross-linked  network.  As  listed  in  Table  2,  the 
dimensional  change  that  occurs  in  water  at  a  high  temperature  was 
drastically  reduced  after  crosslinking. 

The  swelling  degrees  in  10  M  methanol-water  solution  of  the 
membranes  were  also  measured  and  the  results  are  listed  in 
Table  2.  In  this  experiment,  the  membrane  is  primarily  hydrated  by 
water  and  the  methanol  plays  a  small  role  in  hydration  of  the 
polymer  structure.  Similar  to  the  swelling  degree  in  the  pure  water, 
both  the  swelling  degrees  at  25  °C  and  80  °C  decreased  with  the 
increasing  proportion  of  KH590,  which  was  caused  by  the  forma¬ 
tion  of  cross-linked  structure.  It  is  obvious  that  the  formation  of 
Si-O-Si  network  structure  is  helpful  to  restrict  the  mobility  of 
chains  and  hold  polymer  chain  together,  thus  causing  the  reduction 
of  solution  uptake  and  swelling  ratio. 

3.4.  Mechanical  properties 

The  mechanical  properties  of  SPAEK  membrane  and  hybrid 
membranes  in  dry  state  were  evaluated  and  listed  in  Table  3.  After 
a  crosslinking  process,  Young’s  modulus  of  the  hybrid  membranes 
increased  to  1634  and  1834  MPa.  The  result  shows  that  crosslinking 
can  help  to  enhance  the  mechanical  stability  effectively.  The 
maximum  stress  of  all  the  membranes  ranges  from  36.9  to 
70.8  MPa,  indicating  that  the  hybrid  membranes  have  adequate 
mechanical  integrity  to  be  used  in  fuel  cell. 

3.5.  Oxidative  stability 

The  oxidative  stabilities  of  the  pristine  SPAEK  and  the  cross- 
linked  hybrid  membranes  were  tested  in  Fenton’s  reagent  at 
80  °C.  The  results  are  displayed  in  Fig.  5.  It  was  evaluated  by  the 
expended  time  that  the  membranes  broke  into  pieces  in  Fenton’s 
reagent.  Compared  to  the  pristine  SPAEK  membrane,  the  cross- 


Table  3 

Mechanical  properties  of  membranes. 


Membranes 

Maximum 
stress  (MPa) 

Young’s 
modulus  (MPa) 

Elongation 
at  break  (%) 

SPAEK 

48.7 

1192.3 

6.9 

SPAEK/KH590-5 

36.9 

1833.7 

4.4 

SPAEK/KH590-10 

70.8 

1661.9 

7.9 

SPAEK/KH590-15 

54.2 

1633.9 

7.4 

SPAEK/KH590-20 

59.8 

1686.3 

15.3 

Fig.  4.  Water  uptakes  of  SPAEK  and  SPAEK/KH590-x%  membranes. 
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Wt.%  KH590  in  membranes  (%) 

Fig.  5.  The  oxidative  stability  of  the  pristine  SPAEK  and  the  cross-linked  hybrid 
membranes  in  Fenton’s  reagent. 


linked  hybrid  membranes  exhibited  a  significant  improvement  in 
the  oxidative  stability.  The  pristine  SPAEK  membrane  broke  into 
pieces  after  immersing  in  Fenton’s  reagent  for  about  73  min.  On  the 
contrary,  SPAEK/KH590-20  broke  into  pieces  after  198  min.  We  can 
also  observe  that  the  oxidative  stability  of  the  hybrid  membranes 
increased  with  the  amount  of  KH590  increased.  It  can  be  explained 
by  the  formation  of  Si-O-Si  structure.  There  are  two  reasons:  (1) 


the  Si-O-Si  structure  shows  good  oxidation  stability  and  (2)  the 
cross-linked  network  restricts  the  swelling  of  the  membrane, 
decreasing  the  attack  opportunity  of  free  radicals  in  absorbed 
water. 

3.6.  Proton  conductivity  and  methanol  permeability 

Fig.  6  displays  the  proton  conductivities  of  the  cross-linked 
hybrid  SPAEK  membranes  as  a  function  of  temperature.  It  was 
found  that  the  proton  conductivity  of  all  the  membranes  increased 
with  increasing  temperature.  Due  to  the  formation  of  cross-linked 
structure,  the  hybrid  membranes  showed  lower  proton  conduc¬ 
tivities  than  those  of  SPAEK  membrane.  However,  all  the  hybrid 
membranes  still  maintained  high  conductivity,  which  met  the 
requirement  of  a  PEM  used  in  fuel  cell. 

The  methanol  permeability  of  SPAEK  and  cross-linked  hybrid 
membranes  at  room  temperature  is  shown  in  Table  4.  The  cross- 
linked  hybrid  membranes  exhibited  low  methanol  permeability 
ranging  from  3.18  x  10~7  to  1.24  x  10-7  cm2  s_1.  They  are  all  lower 
than  that  of  the  pristine  SPAEK  (4.25  x  10-7  cm2  s-1 )  and  Nation  117 
(10.05  x  1CT7  cm2  s-1),  revealing  that  the  methanol  permeability 
can  be  drastically  reduced  by  a  silane-crosslinking  technique. 

Membranes  for  the  practical  usage  of  PEMs  in  DMFCs  were 
required  to  possess  high  proton  conductivity  (er)  and  low  methanol 
permeability  (P).  The  selectivity  (cr/P),  which  is  defined  as  the  ratio 
of  proton  conductivity  to  methanol  permeability,  is  often  used  to 
evaluate  the  potential  performance  of  DMFC  membranes  [34].  In 
this  case,  the  selectivity  can  be  used  just  as  a  barometer  to  develop 
the  best  proton  conductive  with  reducing  methanol  permeability. 
With  the  content  of  KH590  increasing,  the  selectivity  increases, 
which  are  all  higher  than  those  of  SPAEK  and  Nation  117,  indicating 
that  the  cross-linked  membranes  would  have  a  potential  applica¬ 
tion  in  DMFCs. 

4.  Conclusions 

A  series  of  SPAEK/KH590-x%  membranes  with  high  oxidative 
stability  and  low  water  uptake  and  swelling  ratio  have  been 
prepared  successfully  by  a  combination  of  silane-crosslinking  and 
thiol-ene  click  chemistry  for  DMFCs.  The  method  is  simple  and 
efficient,  and  could  be  widely  used  to  enhance  the  performance  of 
other  ion  exchange  membranes.  Compared  to  the  pristine  SPAEK 
membrane,  it  is  found  that  the  oxidative  stability  have  been 
increased  from  73  min  to  198  min.  The  hybrid  membranes  also 
exhibit  lower  water  uptake,  methanol  permeability  and  swelling 
due  to  the  introduction  of  Si-O-Si  network.  The  results  suggest 
that  these  new  copolymers  possess  great  potential  in  DMFC 
applications. 
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Table  4 

Proton  conductivity,  methanol  permeability  and  relative  selectivity  of  membranes. 


Sample 

IEC 

(mequiv  g-1) 

ff(Scm  1) 

P 

(xl0~7  cm2  s-1) 

a/P 

(xlO5  S cm  3  s-1 

25  °C 

80  °C 

SPAEK 

2.04 

0.075 

0.192 

4.25 

1.76 

SPAEK/KH590-5 

1.93 

0.073 

0.124 

3.18 

2.30 

SPAEK/KH590-1 0 

1.52 

0.065 

0.118 

2.56 

2.54 

SPAEK/KH590-1 5 

1.34 

0.049 

0.114 

1.55 

3.16 

SPAEK/KH590-20 

1.31 

0.048 

0.110 

1.24 

3.87 

Nation  117 

0.92 

0.076 

0.146 

10.05 

0.76 
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